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Abstract: 
We investigate the structure of polyimide (PI) at the surface of a silicalite zeolite (MFI), as part of 
a model hybrid organic-inorganic mixed matrix membrane system, through equilibrium Molecular 
Dynamics simulations. Further, we report a comparison of the adsorption and transport 
characteristics of pure component CO2 and CH4 in PI, MFI and PI-MFI composite membranes. It 
is seen that incorporation of MFI zeolite into PI results in the formation of densified polymer layers 
(rigidified region) near the surface, having thickness around 1.2 nm, before bulk-like behavior of 
the polymer is attained, contrary to empirical fits suggesting the existence of an approximately 1 
micron thick interface between the polymer and filler. This region offers an extra resistance to gas 
diffusion especially for the gas with larger kinetic diameter, CH4, thus improving the CO2/CH4 
kinetic selectivity in the PI-MFI composite membrane. Further, we find that the kinetic selectivity 
of CO2 over CH4 in the rigidified region increases with temperature, and that additivity of transport 
resistances in MFI, interfacial layer and a bulk-like region of the polymer, satisfactorily explains 
transport behavior in the composite sandwich investigated. The gas adsorption isotherms are 
extracted considering the dynamics and structural transitions in the PI and PI-MFI composite upon 
gas adsorption, and it is seen that the rigidified layer affects the gas adsorption in the polymer in 
the PI-MFI hybrid system. A significant increase in CO2/CH4 selectivity as well as the gas 
permeability is observed in the PI-MFI composite membrane compared to the pure PI polymer 
membrane, which is correlated with the high selectivity of the rigidified interfacial layer in the 
polymer. Thus, while enhancing transport resistance, the rigidified layer is beneficial to membrane 
selectivity, leading to improved performance based on the Robeson upper bound plot for polymers. 
Keywords: Mixed matrix membrane; molecular dynamics; rigidified interface; PI-MFI 
composite; selectivity; permeability; polymer-zeolite interface. 
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1. Introduction 
The development of mixed matrix membranes (MMM) for gas separation is an active and 
rapidly growing area of research, due to the challenges with the current spectrum of polymeric and 
inorganic membranes. These challenges largely arise from the Robeson upper bound plot,1 an 
empirical trade-off relation between permeability and selectivity of the gases in the former case, 
and application in industrial scale production2 in the latter. MMMs have been conventionally 
prepared by incorporating inorganic fillers such as zeolites,3 metal organic framework (MOFs)4-5 
and carbon nanotubes (CNTs)6 in a continuous polymer matrix. However, the ultimate success of 
these advanced membranes depends on the material selection and interface defect elimination. 
Nevertheless, the past decade has witnessed substantial progress both theoretically and 
experimentally on the selection aspects of these materials for a given application by considering 
fundamental intrinsic material properties of the individual phases.7-8 On the other hand, interface-
related problems such as the formation of non-selective voids, rigidified polymer and pore 
blockage are still challenging. Although the polymer-filler interface occupies only a small fraction 
of the membrane volume, it appears to effect the MMM performance significantly. Thus, 
understanding and minimizing interfacial barriers between the polymer and the inorganic filler are 
therefore critical to the design and optimization of such membranes. 
The polymer-filler interface can be of four types depending on the nature of the interaction 
between the constituents. The first is an ideal interface with properties nearly similar to those of 
the bulk polymer, which arises when polymer-filler and polymer-polymer interactions are 
comparable, leading to a homogenous polymer-filler blend. The separation performance of the 
resulting MMM has traditionally been described by the Maxwell model, although recent work 
from this laboratory has shown this model to be accurate only at small filler loading below about 
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20% by volume.9 Secondly, a weak or repulsive interaction between the polymer and filler could 
lead to the formation of non-selective interfacial voids around the filler or ‘sieve in a cage’ 
configuration.10-11 Such a MMM results in higher permeability with reduction in selectivity, as the 
gas molecules take the least resistance path offered by the voids. Further, these voids can affect 
the mechanical integrity of the membrane. The third is formation of rigidified layer of polymer at 
the interface,12 due to strongly attractive interaction between the polymer and filler. This polymer 
in the rigidified layer has more restricted chain motion than in the bulk, which reduces gas 
permeability. This results in reduction in both permeability and selectivity. The last is plugged 
sieves, in which the surface pores of the zeolites have been partially blocked by the polymer.10 
Thus, the nature of the polymer-filler interface can strongly affect the overall membrane 
performance. This highlights the importance of design of the polymer-filler interface to achieve 
better gas separation performance than the corresponding pure polymer membrane. 
While much effort has been devoted to the experimental design and fabrication of defect 
free MMMs for gas transport in the literature, success has been modest. Nair et al.13 fabricated a 
defect free MMM comprising sub-micrometer size ZIF-90 and polyimide (PI), demonstrating 
superior separation performance for CO2 over CH4. Kim et al.14 successfully synthesized a defect 
free MCM-48 silica/polysulfone MMM, and reported an increase in gas permeability resulting 
from increase in both solubility and diffusivity without sacrificing selectivity. On the other hand 
several investigations have reported the presence of interfacial defects in the MMM, 3, 12, 15 and 
proposed methods to improve the polymer-filler compatibility. However, direct experimental 
characterization of the polymer conformation in the presence of inorganic filler is challenging, and 
indirect measurements such as field emission scanning microscopes(FESEM),14 small angle 
neutron scattering (SANS),16-17 positron annihilation lifetime spectroscopy(PALS)18 and 
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differential scanning calorimetry (DSC)19 are therefore used. Further, the effect of filler size, shape 
and loading on the structure of the polymer at the interface and thus gas separation performance is 
not clear, and requires trial and error experimentation. On the other hand, most of the earlier 
simulation reports based on either atomistic20 or coarse grained or multiscale modeling11, 15, 21 
simulation approaches have successfully characterized the interface between the filler and the 
polymer. The results indicate the presence of microscopic void regions11, 15 or pore blockage21 or 
the formation of a rigidified region.22 Zhang et al.4 investigated H2/CO2 separation performance in 
a MMM comprising polybenzimidazole (PBI) and zeolitic imidazolateframework-7 (ZIF-7) using 
equilibrium molecular dynamics (EMD) simulations. They observed that increase in ZIF-7 loading 
leads to increase in H2 diffusivity, and attributed this behavior to the presence of interfacial voids 
between ZIF-7 and PBI. Nevertheless, the issue of the influence of interfacial structure on gas 
transport remains an open question; and a thorough investigation of gas transport near the interface, 
including the adsorption isotherms considering the structural transitions upon gas adsorption in-
detail through EMD simulations is required to quantitatively understand MMM behavior, and 
provide information necessary for the in silico design for MMMs.  
We investigate here the gas transport in a PI-MFI zeolite composite system through EMD 
simulations. PI’s are most extensively investigated membrane materials as they exhibit relatively 
high gas selectivity and permeability. On the other hand, zeolites display superior CO2 adsorption 
due to its higher molecular weight and electrostatic quadrupole moment compared to other light 
gases. In addition, zeolites such as MFI with three dimensional pore networks offer less restrictive 
pathways for gas diffusion, and are therefore attractive materials for the gas separation. To the best 
of our knowledge, this is the first report that explores the microscopic structure of the polymer at 
the polymer-MFI zeolite interface and its influence on the gas transport in the hybrid MMM system 
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in-detail through EMD simulations. Further, an important aspect of this study is the insight into 
the gas diffusion at the interface (rigidified region) between the polymer and filler. In addition,  we 
extract the adsorption isotherms in PI and the  PI-MFI composite system by considering the 
structural transitions upon gas adsorption, implementing a two-step methodology combining 
Grand canonical Monte Carlo simulations (GCMC) coupled with NPT (Constant Number of 
particles, Pressure and Temperature) equilibrium molecular dynamics (EMD) simulations.  
2. Model System and Simulations 
Our system comprises a MFI zeolite unit cell sandwiched between two PI polymer-filled regions, 
representing a model MMM, as depicted in Figure 1(a), in which we investigate the interfacial 
structure, and the adsorption and transport of pure component CO2 and CH4. The system is 
assumed periodic in all three directions. In what follows we describe the main elements of the 
model, and the corresponding interaction potential parameters used in the simulations. 
 
 
 
 
 
 
 
 
 
Figure 1. Structure of the (a) PI-MFI hybrid system, (b) BDPA-APB polyimide polymer chain, 
and (c) MFI surface. 
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2.1.1 Polymer Model 
The model polymer system is composed of 15 flexible PI chains, each having 10 monomers of 
biphenyltetracarboxylic dianhydride (BPDA) and 1,3-bis(4-aminophenoxy)benzene (APB) and 
was generated by following a self-avoiding random walk technique using Packmol.23 The structure 
of the single PI chain is depicted in Figure 1(b). The polymer chains were described by considering 
a combination of appropriate bonded and non-bonded interactions with all atom representation, 
where all the atoms in the system are defined explicitly based on the polymer consistent force field 
(PCFF).24 This ab initio force field has been widely used to model the long chain molecules.4, 20. 
The non-bonded van der Waals (vdW) interactions are incorporated using the 9-6 form of 
Lennard–Jones (LJ) potential: 
9 6
,
2 3ij ijnon bondij ij
i j ij ij
U
r r
 
                 
     (1) 
where ij and ij are the energy and length scale parameters of the LJ potential. The bonded 
interactions were incorporated by considering the constraints for bond, angle, dihedral, out of-
plane angle and the cross-coupling terms including bond-bond, bond-angle etc., as detailed in eq 
(S1) of Supporting Information. 
 
2.1.2 The MFI Surface  
To model the MFI surface, we considered all-silica-type silicalite (MFI) which consists of 
interconnected network of straight and sinusoidal channels having two sets of interconnected 10-
ring pores of different sizes, as shown in the Supporting Information (Figure S1). Each O-atom in 
the zeolite was assumed to interact with other atoms in the system through both LJ potential and 
electrostatic interactions, following 
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while Si-atoms were considered to interact only via electrostatic interactions.  Here qi is the 
electrostatic charge on site i. The Si and O- atoms were assigned partial charges of +2 and -1 
respectively. The potential parameters used to represent the MFI surface25 are given in the 
Supporting Information (Table S1). A 2 x 2 x 3 unit cell (U.C.) is used to study the gas transport 
in the MFI system. In the case of the PI-MFI system, the surface in contact with the polymer was 
cleaved at the (1 0 0) plane), and all the surface oxygen and silica atoms were capped with 
hydrogen atoms and hydroxyl groups respectively. The resulting structure was relaxed by 
employing conjugate gradient method without optimizing the cell dimensions using VASP 
software.26-28 The structure of the MFI surface after relaxation is shown in Figure 1(c). The MFI 
surface is treated as rigid in the entire simulation.  
2.1.3 Adsorbate interactions 
The 3-site (EPM2) linear model29 having a point-charge on each site, explicitly accounting for 
the quadrupole was chosen to represent CO2. CH4 was represented by its full atomistic (5-site) 
model30 where all the atoms having partial charge are explicitly included. The gas molecules are 
treated as rigid in the entire simulation, and their potential parameters are given in the Supporting 
Information (Table S1). The non-bonded interactions between polymer, MFI and gas molecules 
were modelled using a hybrid potential. The interactions between polymer-solid, and polymer-gas, 
solid-gas and gas-gas pairs were represented by the 12-6 form of LJ potential in eq (2), and 
polymer-polymer interactions with the 9-6 form of the LJ potential in eq (1). Further, electrostatic 
interactions were included for the MFI-gas and gas-gas pair interactions, following eq (2). 
Lorentz−Berthelot rules were used to obtain the corresponding interaction parameters. 
8 
 
2.2 Simulation details 
To determine the corrected diffusivities, EMD simulations were performed using the 
LAMMPS31 package. The Nose´-Hoover thermostat and Berendsen barostat were employed for 
temperature and pressure control respectively. In all the simulations, a cutoff distance of 1.4 nm 
was used for both potential energy and electrostatic interaction calculations. Long-range 
electrostatic interactions were corrected by the Ewald summation method. The Verlet method with 
a time step of 1 fs was used to integrate the particle equations of motion. The size of simulation 
box depends on the temperature due to the swelling behaviour of the polymer with temperature as 
well as number of MFI unit cells in the system. The typical size of the simulation cell with one 
unit cell of MFI at 300 K is around 40 x 40 x 85 Å. Periodic boundary conditions (PBC) have been 
imposed in all three dimensions as the simulation box was considered to be a representative volume 
element and therefore size of simulation cell has negligible effect on the results presented in this 
study. The simulations were run for 60 ns, in the NPT ensemble with 10 ns allowed for 
equilibration. The results of several independent runs, each starting from a different initial 
configuration, were averaged to compute the corrected diffusivity. The standard deviation of the 
results was calculated by dividing the total simulation run into four equal parts and using it to 
determine the statistical uncertainties associated with the simulations. The error bars are smaller 
than the size of the symbols, unless stated otherwise. 
To compute the isotherms for gas adsorption, we implemented the two step procedure 
accounting for structural transition upon gas adsorption, as described in detail elsewhere.32 Starting 
with a simulation box having no gas molecules, GCMC simulations were performed in step-1 
using the DL_MONTE simulation package33, considering a rigid polymer matrix where the 
adsorbed gas is  in phase equilibrium with the ambient gas phase. In step-2, the polymer was 
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allowed to swell in the presence of gas molecules at a given temperature and pressure by 
performing NPT-EMD simulations for 1 ns. This procedure was repeated 5-10 times. The averages 
over the last 3 runs were considered to compute the adsorbed gas concentration. The error in the 
adsorption isotherm was determined from the last 3 GCMC runs by dividing them into 6 blocks, 
and calculating the standard deviations with respect to the block average. 
2.3 Methodology 
2.3.1. Diffusion coefficient in different regions: 
The corrected diffusivity, Do, describes the collective motion of all adsorbed molecules, and its 
overall value for the entire hybrid system can be computed from EMD simulations using an 
Einstein relationship, based on the center of mass (COM) motion,34-35 following: 
2
0
1
1 1lim || ( ) (0) ||6
N
i it i
D r t r
N t 
         (3) 
where ri(t) is center of mass position vector of molecule i at time t.  
In addition to the overall transport coefficient of the system, we extracted the collective diffusion 
coefficient of gas molecules in different regions, following the method of Zhu et al.36. Here, for a 
given region of length Lx, we calculate a collective coordinate, n, defined as  
( )
i
i s t x
dzdn
L
        (4) 
where dzi is displacement of gas molecule i in the z direction during time dt in that region. The 
quantity n(t) can be uniquely determined by integrating the above ODE using the stored trajectory 
data from an EMD run. Gas molecules crossing the channel from one region to the other contribute 
to n by -1 or +1 based on whether they are entering or leaving the region respectively. The mean 
square displacement (MSD) of n, over sufficiently long time obeys the Einstein relation 
following36: 
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The net molar flux ( j) of any gas close to equilibrium conditions can be related to Dn as36:  
.n x
c B
D L dj
A k T dz
       (6) 
where Ac is cross-sectional area of the region of length Lx, kB is the Boltzmann constant, T is the 
temperature of the system and  is chemical potential. More commonly, the net molar flux of a 
gas is calculated from the irreversible thermodynamics-based description of the transport, 
considering the chemical potential gradient as the driving force for the mass transport and diffusion 
of a single component through the system, following the flux model37-39 
o
B
D dj
k T dz
            (7) 
where Do is collective diffusivity, and  is the ensemble averaged mass density.  The collective 
diffusion coefficient Do can be related Dn , by comparing eq (6) and eq (7), to yield: 
 
2.
.
n x n x
o
c mol
D L D LD
A N          (8) 
Where <Nmol>is the ensemble averaged number of gas molecules in any given region of length Lx. 
We note that, for single component systems the corrected diffusivity is proportional to the 
Maxwell-Stefan (MS) diffusivity.40 
The above method was used to determine the collective diffusion coefficient in both the MFI and 
the interfacial region. The latter region could be unequivocally defined based on our simulation 
results of the polymer structure, which showed its thickness to be 1.2 nm for the chosen PI-MFI 
zeolite system, as discussed subsequently. As a cross-check of the collective diffusivity values for 
the different regions determined by the above method, we note that the total resistance for flow 
11 
 
through the sandwich must additively comprise that for flow in the zeolite, the two interface 
regions adjacent to the zeolite and the two bulk polymer regions. To demonstrate this, we appeal 
to eq (7), and for a very small chemical potential difference, the net flux (j) through the overall 
system of length L, as shown in Figure 2, can be accordingly written as 
1 2( )oD f fj
L f
        (9) 
where f is fugacity, and 1 2 1 21 ( )2f f f f f   . Applying eq (9) to each region provides 
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where ,1 ,1 ,2 ,2b b I I s s I I b beff L L L L LL
          is the overall density in the system, b  and
I  are the mean adsorbate densities in the bulk and interfacial regions of the polymer respectively, 
and s  is the mean adsorbate density in the MFI, at the same fugacity f. Further, Do,eff is the overall 
collective transport coefficient of the entire system, while Do,b, Do,I and Do,s are the collective 
diffusivities in the bulk polymer, interfacial region and the zeolite, respectively. Upon rearranging 
eq (10) we obtain  
,1 ,1 ,2 ,2
, , , , , ,
b I I bs
o b b o I I o s s o I I o b b o eff eff
L L L LL L
D D D D D D            (11) 
The diffusivity in the interfacial region can then be obtained as 
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where ,1 ,2b b bL L L   and ,1 ,2I I IL L L  . We note here that since the above analysis is based on 
a very small fugacity difference, the diffusion coefficients and adsorbate densities in eq (12) 
represent the values at the same fugacity f. Agreement of the value of Do,I using eq (12) with that 
directly calculated for the interfacial region using eq (8) from the same EMD run (i.e. at the 
densities and diffusion coefficients corresponding to the same uniform fugacity or chemical 
potential) provides confirmation of the results and validity of the methods used here. 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic representation of different regions in MMM with the non-ideal interface. 
 
2.3.2. Solubility: 
The solubility, S, of the gases is evaluated from the limiting slope of the adsorption isotherm using 
the following equation: 
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p
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      (13) 
where c is the adsorbed gas concentration in ( )( )
cc STP
cc polymer and p is pressure in atm.  
2.3.3. Gas Permeation:  
The permeability (Pi) of a gas i in a membrane is determined by its diffusivity (Di) and solubility 
(Si) and is expressed as: 
i i iP D S         (14) 
 
The permeabilities are expressed in Barrers, where 1 Barrer = 10 2( ).10 . .
cc stp cm
cm s cmHg
   
2.3.4. Selectivity: 
The ideal selectivity or perm selectivity ( ij ) of a gas pair i, j is defined as the ratio of their 
individual gas permeability coefficients Pi, Pj which can also be expressed in terms of 
contributions of the diffusivity and solubility, following: 

kinetic adsorptionselectvity selectivity
i i i
ij
j j j
P D S
P D S
                     (15) 
In addition, the kinetic and adsorption selectivities are defined as the ratios of individual gas 
diffusion and solubility coefficients respectively.  Further, we note that the reported adsorption 
and perm- selectivities are valid in the infinite dilution limit. 
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3. Results and Discussions 
3.1.  Structure of Bulk Polyimide 
The structure of the PI polymer model was characterized by the density−temperature relation, 
glass transition temperature, pore size distribution (PSD) and associated free volume. It is seen 
that PI Polymer has a density of 1.31 (±0.1) g/cc at 300 K, in agreement with experimental and 
earlier simulations values of 1.25-1.45 g/cc41-43 and 1.25-1.27 g/cc4, 44-45 respectively. Figure 3(a) 
depicts the structure of the PI polymer membrane at 300 K and 5 atm., and the corresponding 
radius of gyration of the polymer is found to be 1.5 ((±0.3)nm.  Figure 3(b) depicts the variation 
of mass density of bulk PI polymer membrane with temperature. It is observed that density of the 
PI decreases linearly with increase in temperature with change in slope at 550 (± 25) K, the glass 
transition temperature of PI.41, 46 In addition, the accessible volume in the PI polymer membrane 
was determined using helium as the probe molecule, by considering the different configurations 
of the PI polymer. The accessible volume in the PI polymer membrane increases with temperature, 
illustrating the swelling behavior of the PI with increase in the temperature, as shown in the 
Supporting Information (Figure S11). We note here that the effect of pressure on the structure of 
the PI Polymer is found to be negligible up to 15 atm, as shown in the Supporting Information 
(Figure S2).  
 
 
 
 
 
 
Figure 3. (a) Structure of the PI polymer at 300K and 5 atm, and (b) temperature variation of 
density of PI polymer at 5 atm.43-44  
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3.1.1. Adsorption isotherms of CO2 and CH4 in bulk polyimide 
The adsorption behavior of pure component CO2 and CH4 in the bulk PI polymer was 
systematically investigated by exploring the adsorption isotherms for each gas, using the two step 
procedure considering the polymer structural changes upon gas adsorption as outlined in Section 
2.2 and described in detail elsewhere.32 Figure 4(a)-(b) shows the adsorption isotherms of CO2 and 
CH4 in the bulk PI polymer respectively, in the temperature range of 300-500 K. It is seen that the 
CO2 adsorbs strongly while CH4 shows weak adsorption in PI, and gas adsorption increases with 
increase in pressure at a given temperature, while decreasing with increase in temperature. This is 
due to the significant decrease in gas density with increase in temperature, leading to decreased 
adsorption at higher temperatures. Further, we note that the effect of swelling on the isotherm is 
significant especially at higher pressures and further confirmed by the PSD analysis showing 
greater pore volume available at higher pressure, as shown in the Supporting Information (Figure 
S3 (a)-(b)). Figure S3 (c) illustrates loading dependency of the swelling, the fractional increase in 
volume due to gas adsorption in PI at 300K, showing significant swelling for both CO2 and CH4. 
This effect is much more pronounced for CO2 than CH4, which may be attributed to the much 
higher CO2 adsorption capacity of PI. 
 
 
 
 
 
 
 
Figure 4. Adsorption Isotherms of (a) CO2, and (b) CH4 in PI at various temperatures. The dashed 
lines indicate the fitted adsorption isotherms using the dual mode sorption model (eq (16)). 
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The adsorption isotherm of each gas considered was fitted using a Dual-mode (DM) sorption 
model of the form:  
1
3
2
k pC k p
k p
       (16) 
where, C is the total concentration of the sorbate in the polymer and P is the pressure. This model 
is widely used to describe the gas adsorption in PI.42, 47 It seen that the fitting parameters k1 and k3 
of the DM sorption model from this study are in good agreement with reported values based on 
fits of experimental isotherms47-48 as shown in the supporting information (Table S3).  
Figure 5 shows the temperature dependence of simulated solubility coefficients for CO2 
and CH4 in the PI polymer at temperatures from 300 to 500 K, calculated using eq (13). It is 
observed that the solubility of CO2 and CH4 decreases with increase in temperature. This is due to 
the decrease in gas adsorption capacity with increase in temperature. We note that solubility results 
based on the all atom model (this study) are in close agreement with experimental reports, while 
the united atom approach overestimates the gas solubility.32 It is seen that the temperature 
dependence of the solubility constant, evaluated as 1 2 3( / )k k k , obeys the van’t Hoff relation,  
0
sH
RTS S e

                                                               (17) 
where S0 is a constant, sH  is apparent heat of solution, and R is the ideal gas constant. The 
computed heats of solutions for CO2 and CH4 are -17.0 (±3) and -13.5 (±2) kJ/mol in reasonable 
agreement with experimental values48 of -15.3  kJ/mol and -11.0 kJ/mol respectively. Further, we 
note that overall sorption for both the gases is dominated by the Langmuir term 1 2( / )k k , as shown 
in Supporting Information (Figure S4). It is expected that Langmuir part will dominate the gas 
adsorption in the polymers below its glass transition temperature.42 
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Figure 5. Temperature dependence of solubility coefficients in PI. 
3.1.2. Diffusion of CO2 and CH4 in bulk PI 
Figure 6 depicts the temperature dependence of the collective-diffusion coefficients of pure 
component CO2 and CH4 in bulk PI in the temperature range of 300-500 K. At 300 K, the 
calculated values of collective-diffusion coefficient (Do) of CO2 and CH4 are 0.55 (± 1.0) × 10-11 
and 0.16 (± 0.5) × 10-11 m2/sec, in reasonable agreement with experimental values of  0.36 × 10-11 
and 0.10 × 10-11 m2/sec respectively49-50.  
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Temperature dependence of collective diffusivity of CO2 and CH4 in PI membrane.  
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The concentration dependence on the collective-diffusivity of CO2 and CH4 in the PI membrane 
at 300 K shows that the corrected diffusivity has a weak dependence on loading and slightly 
decreases with increase in loading, as shown in the Supporting Information (Figure S5). This is 
due to the availability of very small pores in the PI membrane, as a result of which two gas 
molecules cannot be accommodated in the same pore, resulting in dominance of molecule-wall 
interactions over molecule-molecule interactions. In addition, the stronger hindrance to the entry 
of gas molecules at the pore openings further reduces the importance of intermolecular collisions. 
A similar observation has been made by Bhatia et al. 51-52 for the transport of light gases such as 
CH4 in narrow nanopores where weak reduction in collective transport coefficient with density 
increase is reported. Further, it is seen that the temperature dependence of the collective diffusivity 
of CO2 and CH4 follows Arrhenius-type behavior. The activation energies for CO2 and CH4 in PI 
membrane are 25.3 (± 2) and 31.8 (± 3) kJ/mol respectively, computed from the expression, 
/
0 D
E RTD D e                                                              (18) 
where Do is a constant, and ED is the apparent activation energy for diffusion.  
 
3.1.3. CO2/CH4 selectivity in bulk PI 
Figure 7 depicts the temperature dependence of the kinetic, adsorption and perm-selectivity of 
CO2 over CH4 in PI polymer membrane in the temperature range of 300-500 K. At 300 K, the 
calculated values of kinetic, adsorption and perm selectivity of CO2 over CH4 are 3.1 (±0.2), 10.5 
(±0.5) and 33.2 (±2), in agreement with experimental values49-50, 53 of 2.8-3.7, 9-11 and 30-35 
respectively.  
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Figure 7. Temperature dependence of selectivity of CO2 over CH4 in PI membrane.  The gray 
dotted line depicts selectivity crossover. 
It is seen that the PI polymer membrane is selective for CO2 over the temperature range of 300-
500 K. Further, we note that CO2 selectivity decreases with increase in temperature. This is due to 
significant increase in the free volume (as shown in Figure S11) and chain mobility with increase 
in temperature, leading to availability of number of large pores and hence increase in both gas 
diffusivity and solubility. This effect is more pronounced for the gas with a larger kinetic diameter, 
CH4 in this case (Table S2), which leads to reduction in CO2 selectivity. 
3.2. Adsorption and Diffusion in MFI Zeolite 
Diffusion of CO2 and CH4 in MFI zeolite has been reported thorough experimental as well as 
simulations studies.54-59 The potentials used in this study25 to describe the gas permeation in MFI 
zeolite has been validated by comparing the gas adsorption and diffusion results with the literature 
data. Figure S6 shows the adsorption behavior of CO2 and CH4 in MFI zeolite investigated by 
exploring the adsorption isotherms for each gas as a single component in the temperature range of 
300-500 K. We note here that our results are in good agreement with the earlier simulation results 
of Calero et al.57-58 The adsorption isotherm of each gas was fitted using a DM sorption model. 
Figure S7 shows the temperature dependence of simulated solubility coefficients for CO2 and CH4 
in MFI at temperatures from 300 to 500 K, and follows van’t Hoff relation (eq (17)).  
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3.2.1. Diffusion of CO2 and CH4 in MFI zeolite 
 Figures 8(a) and (b) depict the temperature dependence of the collective-diffusion coefficients 
of CO2 and CH4 and their selectivities in MFI in the temperature range of 300-500 K. At 300 K, 
the calculated values of Do of CO2 and CH4 are 2.62 (± 0.8) × 10-9 and 1.72 (± 0.5) × 10-`8 m2/sec 
respectively, in agreement with earlier simulation values  3.0 × 10-9 and 1.3× 10-8 m2/sec 
respectively.55, 59  Further, we studied the concentration dependence on the collective-diffusivity 
of CO2, CH4 in MFI zeolite at 300K. It is seen that at low loadings the corrected diffusivity shows 
a weak dependence on loading, and in some case slightly decreases with increase in loading at 
higher loadings, as shown in the Supporting Information (Figure S8). Further, the diffusion in MFI 
zeolite is an activated process, and Do increases with the increase in temperature, following 
Arrhenius-type behavior as shown in Figure 8(a). The activation energies for CO2 and CH4 in MFI 
membrane are 6.7 (± 0.5) and 3.5 (± 0.5) kJ/mol, computed using eq (18), in agreement with  the 
experimental  values of 5.8 kJ/mol54 and  4.4 kJ/mol56 respectively.  
 
 
 
 
 
 
 
 
 
Figure 8. Temperature dependence of (a) collective diffusivities, and (b) CO2/CH4 selectivity in 
MFI zeolite at 5 atm. pressure.  
 
3.2.2. CO2/CH4 selectivity in MFI zeolite 
Figure 8(b) depicts the temperature dependence of the kinetic, adsorption and perm-selectivity of 
CO2 over CH4 in MFI zeolite in the temperature range of 300-500 K. At 300 K, the calculated 
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values of kinetic, adsorption and perm selectivity of CO2 and CH4 are 0.15, 11.5 and 1.75 
respectively. It is seen that MFI is kinetically selective for CH4 over the temperature range of 300-
500 K, and this selectivity decreases with increase in temperature. On the other hand, MFI shows 
good adsorption selectivity towards CO2, with selectivity decreasing with increase in temperature. 
We note here that at 300K MFI is selective towards CO2 in terms of permeability, and this 
selectivity decreases with increase in temperature, leading to a selectivity crossover around 450 K. 
 
3.3. PI-MFI Composite System 
The structure of the PI in the vicinity of the MFI zeolite was explored by computing the polymer 
density as a function of distance from the MFI zeolite using a binning procedure, where the 
simulation cell is divided into narrow bins of 1 Å each in the direction normal to the surface. Figure 
9(a) depicts the density of PI as a function of distance from the MFI surface. In Figure 9(a), the 
region ‘S’ having zero polymer density represents zeolite MFI. We note here that no polymer 
penetration into MFI pores is observed. The region ‘I’ represents the interface between PI and 
MFI. It is seen that PI shows the layering behavior near the surface with the first layer being 30-
40% denser than the bulk polymer, indicating the existence of densified polymer at the interface. 
We note here that the interface region has thickness around 1.2 nm, including 2-3 layers of the 
rigidified polymer, before being bulk-like in region ‘B’. We also note that no zeolite is included 
in the interface region. The reported interfacial thickness contrasts with literature reported values 
of 0.04-0.88 μm,60-61 based on empirical fitting of mixed matrix membrane transport data.  On the 
other hand, the above results are consistent with recent findings by Semino et al. that the interface 
void region is extended up to 9-13Å.11, 15 in polymers of intrinsic microporosity in the presence of 
ZIF-8.  Further, the variation of mass density of the PI-MFI system with temperature is shown in 
the Supporting Information (Figure S9). It is seen that mass density of the PI-MFI system decreases 
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linearly with increase in temperature with change in slope at 600 (± 25) K, corresponding to the 
glass transition temperature. The increase in glass transition temperature with the incorporation of 
MFI is consistent with the presence of the rigidified region at the interface.  In addition, the local 
chain confirmation of the PI polymer in the bulk and rigidified region has been explored through 
the radial distribution function (RDF), i.e. atom-atom pair correlation function g(r) between the 
aromatic carbons in PI (Carom- Carom units) separated by a distance r. Figure 9(b) depicts the Carom- 
Carom intermolecular RDF of PI polymer in the bulk and rigidified region at 300 K. A very slight 
shift towards left for the first two peaks which corresponds to closest contacts between Carom- Carom 
units in the rigidified region is observed. Further, all the peaks in the rigidified region is 
accompanied by increase in intensity of the intermolecular peaks. This suggests increase in number 
of intermolecular contacts in the rigidified region, an additional indication of the existence of the 
rigidified interfacial region. Further, the PSD analysis confirms the absence of pores larger than 
about 4 Å in the rigidified region as shown in Figure 9(c). 
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Figure 9. (a) Density profile of PI in the PI-MFI composite system at T=300K, (b) Carom−Carom 
intermolecular RDF of the PI in the bulk and rigidified regions, and  (c) cumulative pore size 
distribution of PI in the bulk and rigidified regions at 300K. 
 
3.3.1. Adsorption isotherms in PI-MFI composite 
It is expected that incorporation of MFI into PI will lead to significant increase in the gas 
adsorption capacity of the composite system compared to the neat polymer, due to the higher gas 
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adsorption capacity of the MFI zeolite. The gas adsorption capacity in the PI-MFI composite 
system is investigated by exploring the gas adsorption isotherms using GCMC simulations coupled 
with EMD simulations in the isobaric ensemble as described in Section 2.2 and elsewhere.32 Figure 
10 (a)-(b) shows the adsorption isotherms of pure component CO2 and CH4 in the PI-MFI 
composite membrane in the temperature range of 300-500 K. It is seen that the gas adsorption is 
significantly enhanced by the incorporation of MFI zeolite into PI. Further, we note that gas 
adsorption increases with increase in pressure at a given temperature. The adsorption isotherm of 
each gas considered was fitted using a DM sorption model.  The dashed lines in Figure 10, 
represent the isotherms fitted using eq (16). The fitting parameters of the DM sorption model, 
1 2/k k  and k3 from this study, are tabulated in the Supporting Information (Table S4) and the 
solubility coefficients of CO2 and CH4 at infinite dilution in the PI membrane, MFI membrane and 
PI-MFI membrane at 300 K are tabulated in the Supporting Information (Table S5). Further, we 
note that the presence of the rigidified layer affects the gas adsorption the polymer in the PI-MFI 
hybrid system. To demonstrate this, we compared the adsorption isotherms in PI in the presence 
of MFI at 300K with those in the neat PI (Figure 4), as shown in Figure S12 (a)-(b). It is seen that 
gas adsorption capacity of PI in the presence of MFI for both CO2 and CH4 is less than that of the 
neat PI. This is due to presence of the 1.2 nm thick rigidified region near the MFI surface. Further, 
we note that this effect is more pronounced for CH4 than CO2.  
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Figure 10. Adsorption Isotherms of (a) CO2 and (b) CH4 in PI-MFI composite membrane at 
various temperatures. The dashed lines indicate the fitted adsorption isotherms using the DM 
sorption model (eq 16). 
 
Figure 11 shows the temperature dependence of simulated solubility coefficients for CO2 
and CH4 in PI-MFI hybrid system at temperatures from 300 to 500 K. It is observed that the 
solubility of CO2 and CH4 significantly increases compared to the neat polymer. Further, it is seen 
that solubility of the gases decreases with increase in temperature, leading to negative heat of 
solutions of for CO2 and CH4, consistent with the adsorption being exothermic. The heats of 
solutions, computed from eq (17), for CO2 and CH4 are -17.8 (±1.5) kJ/mol and -19.6 (±1.2) kJ/mol 
respectively.  Interestingly, the heat of adsorption of CH4 in the composite is larger than that of 
CO2, although it is lower in both the neat PI and the MFI. This is due to the greater reduction of 
CH4 adsorption compared to CO2 in the rigidified region, and greater opening up of the pore spaces 
in this region to CH4 with increase in temperature. 
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Figure 11. Temperature dependence of solubility coefficients in PI-MFI composite system. 
3.3.2. Transport of CO2 and CH4 in PI-MFI composite system  
The diffusion behavior of CO2 and CH4 in the PI-MFI membrane was systematically 
investigated in the direction normal to the surface by computing pure component collective 
diffusivities of each gas in the temperature range of 300-500 K. At 300 K, the calculated values of 
Do in the direction normal to the surface for CO2 and CH4 in the PI-MFI hybrid system are 3.8 (± 
0.8) × 10-12 and 1.1 (± 0.3) × 10-12 m2/sec respectively. Figure 12(a) depicts the temperature 
dependence of the collective-diffusion coefficients of CO2 and CH4 in the composite membrane 
normal to the surface in the temperature range of 300-500 K. It is seen that the temperature 
dependence of the collective-diffusion coefficients of CO2 and CH4 follow Arrhenius-type 
behavior, with activation energies of 19.23 (± 3) kJ/mole and 20.95 (± 2) kJ/mole respectively. We 
note that the overall collective diffusion coefficient for both CO2 and CH4 in the PI-MFI hybrid 
system is lower than that of both the neat polymer and the MFI zeolite, which may be attributed 
the presence of the rigidified region at the interface. The diffusion coefficients of CO2 and CH4 in 
the PI membrane, MFI membrane and PI-MFI membrane at 300 K are tabulated in the Supporting 
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Information (Table S5). Therefore, to investigate the gas diffusion at the interface, we extracted 
the gas diffusivities in the rigidified region.  
 
 
 
 
 
 
Figure 12. Temperature dependence of corrected diffusivities of CO2 and CH4 in the a) PI-MFI 
composite membrane and b) rigidified interfacial layer.  
The diffusion behavior of CO2 and CH4 in the interface region in the direction normal to 
the surface was systematically investigated through the collective diffusion model (eqs (4)-(8)). 
Figure 12(b) depicts the temperature dependence of the Do of CO2 and CH4 in the interface region 
between PI and MFI (rigidified region) in the temperature range of 300-500 K, at 5 atm pressure. 
At 300 K, the calculated values of Do of CO2 and CH4 are 2.75 (± 2) × 10-12 and 7.0 (± 2) × 10-13 
m2/sec respectively, much lower than the corresponding diffusivities in the neat polymer. Further, 
a moderate decrease in Do with increase in loading is observed for CO2 and CH4, as shown in 
Supporting Information (Figure S13). We note that gas diffusion at the interface in the xy- direction 
is slightly higher than the gas diffusion in the z-direction (normal to MFI surface), as shown in 
Supporting Information (Figure S14), which is due to the more uniform potential in the xy-
direction than that in the z-direction. This suggests that the diffusion in the interface layer is 
slightly anisotropic. In addition, it is seen that the diffusion in the rigidified interfacial region is an 
activated process, with the temperature dependence of the collective-diffusion coefficients of CO2 
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and CH4 following Arrhenius-type behavior. The activation energies for CO2 and CH4 in the 
interface region, computed from eq (18), are 21 (± 3) kJ/mole and 19.0 (± 2) kJ/mole respectively. 
To demonstrate accuracy of the extracted diffusion coefficients in the interface region, we 
computed the gas diffusivities calculated using eq (12). Figure 13 depicts the comparison of 
extracted (based on the collective diffusion model in eqs (4)-(8) and calculated (based on eq (12)) 
interfacial gas diffusivities, showing good agreement between the estimates, confirming 
consistency of the methods used. This agreement also confirms the additivity of resistances in the 
zeolite, interfacial layer and the bulk-like polymer region in influencing permeation in the 
composite, as follows from eq (11). 
 
 
 
 
 
 
 
Figure 13. Comparison of the calculated (eq (12)) and extracted (eq (8)) diffusion coefficients in 
the interface region between the PI and MFI in PI-MFI composite membrane. 
3.3.3. Effect of zeolite crystal size on interfacial layer properties 
Figure 14(a)-(c) depicts the crystal size dependence of the structure of the polymer near the 
interface and the gas diffusivity in the interface region. We considered crystals of 1, 2 and 4 unit 
cells size in the z-direction and explored the polymer density profiles.  It is seen that the structure 
of the polymer in the interfacial region is independent of the crystal size, with thickness of the 
interface around 1.2 nm in all the cases, and the first layer 30-40% denser than the bulk. In addition, 
we observed that the corrected diffusivity of the gases in the interface region is independent of 
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crystal size, due to the structure of the polymer being independent of the crystal size. However, 
the gas diffusion in the zeolite may depend on the size of the crystal as well as framework 
flexibility, which needs further investigation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                         (a)                                               (b)                                               (c)  
Figure 14. Crystal size dependence of the structure of PI in PI+ MFI composite system. (a) 1 U.C. 
(b) 2 U.C. and (c) 4 U.C. 
3.3.4. CO2/CH4 selectivity performance of the PI-MFI composite membrane 
Figure 15 depicts a comparison of the temperature dependence of the kinetic selectivity of CO2 
over CH4 in PI, PI-MFI membrane and the rigidified region at the interface between PI and MFI, 
in the temperature range of 300-500 K. It is seen that PI-MFI system shows higher CO2/CH4 kinetic 
selectivity than the pure PI membrane system at all temperatures, and at 300 K the calculated 
kinetic selectivity of CO2 over CH4 in the PI-MFI hybrid membrane is 3.6 (± 0.5), which is 16% 
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higher than the corresponding neat polymer membrane. This selectivity increase in the composite 
is due to the extra resistance offered in the rigidified region to the gas with larger kinetic diameter, 
CH4 in this case. Further, we note that selectivity of CO2 over CH4 in the rigidified region is around 
30% higher than the pure polymer. It is seen that kinetic selectivity of CO2 over CH4 decreases 
with increase in temperature for PI-MFI. This may be attributed to the presence of polymer rich 
phase (75% vol) in PI-MFI system, and similar behavior to that of pure PI is expected. On the 
other hand, it is seen that kinetic selectivity of CO2 over CH4 increases with increase in temperature 
in the rigidified region. This is due to the availability of little free volume in the rigidified region, 
and the polymer structure is consequently less dependent on temperature in this region, as shown 
in the Supporting Information (Figure S10 and S11). Further, it may also be attributed to the greater 
increase in availability of narrow pores at higher temperatures that are kinetically closed to the 
smaller gas molecule, CO2 in this case, at lower temperatures62-63. Further, we note that selectivity 
of CO2 over CH4 in the rigidified region is around 3 times higher than the pure polymer at 500K. 
 
 
 
 
 
 
 
 
 
 
 
Figure 15.  Temperature dependence of CO2/CH4 kinetic selectivity in PI, PI-MFI and rigidified 
interfacial region between PI-MFI. 
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Figure 16 depicts a comparison of the temperature dependence of the kinetic, adsorption and 
perm- selectivity of CO2 over CH4 in PI, PI-MFI membrane and the rigidified region in the 
temperature range of 300-500 K. At 300 K, the calculated values of kinetic, adsorption and perm- 
selectivity of CO2 over CH4 are 3.6 (±0.3), 15 (±0.6), and 54 (±8.0) respectively. Further, we note 
incorporation of MFI in PI results in 65% improvement in perm-selectivity for CO2, which 
includes around 15% and 50% improvement in the kinetic and adsorption selectivity respectively 
at 300K.  
T (K)
250 300 350 400 450 500 550

CO
2/C
H 4
)
1
10
100
permeability
adsorption
kinetic
(a)
P (CO2) (Barrers)
1 10 100 1000 10000
 
CO
2/C
H 4
)
1
10
100
1000
PI membrane
PI-MFI membrane
(b)
 
Figure 16. (a)Temperature dependence of selectivity of CO2 in PI-MFI membrane, and (b) 
comparison of separation performance of the PI and PI-MFI membranes with Robeson upper 
bound.  
 
The kinetic, adsorption and perm-selectivity of CO2 over CH4 in a neat PI polymer and PI-MFI 
composite membrane at 300 K are compared in Table 1, showing the composite PI-MFI membrane 
to have higher selectivity at this temperature. While Figure 16(a) shows that this selectivity 
decreases with increase in temperature, the PI-MFI composite is nevertheless more selective to 
CO2 over CH4 in the temperature range of 300-500K. Further, we note that this selectivity is higher 
than that of the neat PI membrane selectivity at all temperatures. 
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A comparison of permeability against selectivity of PI membrane and PI-MFI membrane at 300 
K is shown in Figure 16(b). It is seen that incorporation of MFI into PI polymer leads to increase 
in both permeability and selectivity, exhibiting overall performance slightly above the Robeson 
upper bound plot.1 This is due to the larger resistance offered by the rigidified region to CH4, and 
the high CO2 adsorption in MFI for CO2, leading to increase in kinetic and adsorption selectivity 
for CO2 in the composite system. On the other hand, decrease in both diffusivity and solubility due 
to the rigidified interface leads to decrease in gas permeability in the PI. However, the latter is 
compensated by the increase in solubility and diffusivity by incorporation of MFI in PI, leading to 
overall increase in CO2 permeability as shown in the Figure 16(b). Further, by exploring strategies 
to improve the permeability of CO2 in the composite system such as improving the interface 
between PI and MFI zeolite, separation performance well above the Robeson upper bound plot1 
should be achievable.  
 
Table 1. Selectivity of CO2 over CH4 in PI and PI-MFI composite membrane at 300K. 
 
Selectivity 
Membrane system 
PI  PI-MFI composite 
Kinetic 3.1 (±0.2) 3.6(±0.3) 
Adsorption 10.5 (±0.5) 15(±0.6) 
Perm 32.5 (±2) 54(±8.0) 
 
4. Conclusions 
The transport properties of CO2 and CH4 at 5 atm in the temperature range of 300-500 K in 
Polyimide (PI) polymer, Silicalite (MFI) and PI-MFI composite membrane systems have been 
investigated here, using equilibrium molecular dynamics simulations. The structure of the PI is 
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visualized by exploring the density-temperature relation. The diffusivities of CO2 and CH4 in PI 
are of the order of 10-12 m2/sec, and qualitatively as well as quantitatively in good agreement with 
experimental reports, and it is seen that CO2 is kinetically selective over CH4 in neat PI membrane. 
Further, the diffusivities of CO2 and CH4 in MFI zeolite are of the order of 10-8-10-9 m2/sec and in 
good agreement with previous experimental and simulation reports. It is seen that incorporation of 
MFI zeolite into PI results in the formation of a densified polymer region near the surface having 
thickness around 1.2 nm, before being bulk-like, contradicting earlier empirical fitting-based 
suggestions of interfacial thickness of the order of 1 micron in MMMs. Also, it is seen that crystal 
size has little effect on the polymer structure at the polymer-filler interface. We find that the gas 
diffusion in the rigidified polymer layer is weakly anisotropic, and is always slower than in the 
bulk polymer, and offers an extra resistance to gas diffusion, especially for the molecule having 
larger molecular kinetic diameter, CH4 in this case. Thus, this rigidified layer improves the kinetic 
selectivity of CO2 over CH4.  Furthermore, the temperature dependence of the collective diffusivity 
of CO2 and CH4 follows Arrhenius behavior in PI, MFI zeolite and PI+MFI hybrid membranes, 
and at 300 K the calculated kinetic selectivity of CO2 over CH4 is 3.1(±0.2) and 3.6 (±0.3) in the 
PI and PI-MFI hybrid membrane respectively. The kinetic selectivity for CO2 of pure PI and PI-
MFI membranes decreases with increase in temperature.  
The gas adsorption isotherms in PI and PI-MFI hybrid systems, were extracted via a two-step 
methodology considering the dynamics and structural transitions in the polymer matrix upon gas 
adsorption. Our results show that the isotherm curves for gas adsorption in PI, MFI and PI-MFI 
hybrid membranes are of ‘dual-mode sorption’ type. It is found that incorporation of MFI into PI 
improves the adsorption selectivity of CO2 over CH4, and at 300 K the calculated adsorption 
selectivity of CO2 over CH4 is 10.5(±1) and 15 (±1) in the PI and PI-MFI hybrid membrane 
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respectively. It is seen that gas adsorption in the polymer phase of the PI-MFI composite is less 
than that in the pure polymer due to presence of the rigidified region. The adsorption selectivity 
for CO2 of PI and PI-MFI membranes decrease with increase in temperature. The perm selectivity 
of PI-MFI and PI membranes for CO2 are 54 and 32.5 respectively. In conclusion, a significant 
increase in CO2 selectivity is observed on incorporation of MFI into PI without compromising the 
permeability compared to the neat PI polymer membrane, and this increase is mediated by the high 
selectivity of the rigidified interfacial layer.  
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